Lathosterol 5-desaturase catalyzes the conversion of lathosterol to 7-dehydrocholesterol in the next to last step of cholesterol synthesis. Inborn errors of cholesterol synthesis underlie a group of human malformation syndromes including Smith-Lemli-Opitz syndrome, desmosterolosis, CHILD syndrome, CDPX2 and lathosterolosis. We disrupted the lathosterol 5-desaturase gene (Sc5d ) in order to further our understanding of the pathophysiological processes underlying these disorders and to gain insight into the corresponding human disorder. Sc5d À/À pups were stillborn, had elevated lathosterol and decreased cholesterol levels, had craniofacial defects including cleft palate and micrognathia, and limb patterning defects. Many of the malformations found in Sc5d À/À mice are consistent with impaired hedgehog signaling, and appear to be a result of decreased cholesterol rather than increased lathosterol. A patient initially described as atypical SLOS with mucolipidosis was shown to have lathosterolosis by biochemical and molecular analysis. We identified a homozygous mutation of SC5D (137A > C, Y46S) in this patient. An unique aspect of the lathosterolosis phenotype is the combination of a malformation syndrome with an intracellular storage defect.
INTRODUCTION
Inborn errors of cholesterol synthesis have been shown to cause a number of human malformation syndromes. The prototypical example is the Smith-Lemli-Opitz syndrome (SLOS) due to a deficiency of 3b-hydroxysterol D 7 -reductase (DHCR7) activity (1) . Other malformation syndromes due to cholesterol biosynthesis defects include desmosterolosis (3b-hydroxysterol D 24 -reductase), X-linked dominant chondrodysplasia punctata type 2 (3b-hydroxysterol D 8 ,D 7 -isomerase), Greenberg skeletal dysplasia (3b-hydroxysterol D 14 -reductase activity of the lamin B receptor), and CHILD syndrome (3b-hydroxysterol D 8 ,D 7 isomerase and 3b-hydroxysterol dehydrogenase). Although the molecular defect has not been reported, impaired lanosterol-14-a-demethylase activity has been associated with some cases of Antley-Bixler syndrome. The clinical, biochemical and molecular aspects of these syndromes have been reviewed (2) (3) (4) (5) .
Lathosterol 5-desaturase (SC5D) catalyzes the conversion of lathosterol to yield 7-dehydrocholesterol (7DHC) in the cholesterol synthetic pathway (Fig. 1A) . In the subsequent enzymatic step, 7DHC is reduced by DHCR7 to yield cholesterol. Mutations of DHCR7 cause SLOS, which is an autosomal-recessive, multiple malformation/mental retardation syndrome with an estimated birth prevalence of about 1/25 000 to 1/40 000 in North America (3, 6) . We previously reported the development and characterization of a mouse model for SLOS (Dhcr7 À/À ) (7). Dhcr7 À/À pups demonstrated growth retardation, craniofacial abnormalities including cleft palate, poor feeding and an uncoordinated suck, hypotonia and decreased movement. To understand the pathophysiological processes that underlie the genesis of the malformations found in SLOS and the Dhcr7 À/À mouse, one needs to consider the potential detrimental effects of decreased cholesterol levels versus the teratogenic effects of increased 7DHC. To help distinguish between these two possibilities, we produced a mouse model in which Sc5d was disrupted. Sc5d mutant embryos would be expected to have decreased cholesterol levels similar to Dhcr7 mutant embryos; however, lathosterol rather than 7DHC would be the accumulating intermediate. A second goal of producing a Sc5d mutant mouse was to aid in the recognition of a human lathosterolosis syndrome.
We report the development and characterization of a lathosterolosis mouse model. Sc5d
À/À pups are stillborn, demonstrate intrauterine growth retardation, have craniofacial abnormalities including cleft palate and micrognathia, and limb patterning defects. Many of the malformations are consistent with impaired hedgehog functioning during development due to decreased cholesterol levels. We also report the identification of a human lathosterolosis patient with an SLOS-like phenotype and mucolipidosis.
RESULTS

Disruption of the lathosterol 5-desaturase gene
Sc5d was disrupted in mouse embryonic stem cells using targeted homologous recombination. Recombination between the targeting vector and the endogenous Sc5d allele resulted in the insertion of the neomycin phosphotransferase gene (PGK-neo r ) and deletion of exon 5 and part of exon 6 of Sc5d (Fig. 1B) . Southern blot analysis of EcoRI-digested genomic DNA from 129 G418-resistant embryonic stem cell clones identified two clones (1.5%) in which homologous recombination occurred between the targeting vector and a Sc5d allele. Proper targeting between both flanks of the targeting vector and the endogenous allele was initially detected by Southern blot analysis using probe A, and confirmed by PCR amplification of both flanks (Fig. 1C) . Clones 48 and 83 were used to produce germline transmitting chimeric founders, and an identical phenotype was observed with both lines.
Heterozygous mice appeared phenotypically normal. Thus, we intercrossed Sc5d þ/À mice to determine if a recessive phenotype was present. No Sc5d À/À mice were identified at weaning (n ¼ 322); however, when all pups and embryos were genotyped (n ¼ 426) we found a close to expected Mendelian ratio for an autosomal-recessive trait of 27.5% þ/þ, 50.2% þ/À and 22.3% À/À (Fig. 1D ).
Phenotypic characterization of Sc5d
À/À mice Homozygous mutant pups were stillborn, growth retarded, had craniofacial malformations, short limbs, autopod patterning defects and kinked tails ( Fig. 2A-O) . Cardiac activity was detected in Sc5d À/À embryos just prior to birth, thus mutant pups died during or immediately after birth. Intrauterine growth retardation was present with mutant pups having a birth weight of 1.10 AE 0.01 g (n ¼ 30) compared with a birth weight of 1.38 AE 0.12 (n ¼ 86) for controls (P < 0.001, unpaired t-test).
Craniofacial abnormalities included micrognathia, cleft palate, a narrow frontonasal process and calvarial defects.
Micrognathia was present in all Sc5d
À/À mice ( Fig. 2A-D) . Alizarin red and alcian blue stained skeletal preparations demonstrated that the micrognathia was due to hypoplasia of the distal mandibular arch (Fig. 2C, D , F and G). Cleft palate (Fig. 2E ) was observed in 14/16 (88%) of the Sc5d À/À pups but was not observed among 38 controls (P < 0.0001, Fisher's exact test). In mutant pups the nose was narrower than normal ( Fig. 2A , B and H), and the mineralized portion of the interparietal bone was hypoplastic (Fig. 2C, D and H). Limb patterning defects were observed in both the proximal-distal as well as the preaxial-postaxial axes. Postaxial polydactyly, which consisted of a pedunculated postminimus with no skeletal elements (Fig. 2I) , was identified on the forelimbs of 7/26 (32%) of Sc5d 7 /À and 4/76 (5%) littermate controls (P < 0.01, Fisher's exact test). Skeletal preparations demonstrated short, malformed fore and hind limbs (Fig. 2J-L) and variable expression of a bifurcation of the fourth medial phalanges of either the fore or hind limbs ( Fig. 2M and N) . The bifurcation of the fourth medial phalanges was identified in at least one limb, in 56% (5/9) of the Sc5d 7 /À embryos but in none of 10 control embryos (P ¼ 0.01, Fisher's exact test). Other phenotypic findings included gracile ribs (data not shown) and kinked tails (Fig. 2O) . Histological examination was notable for decreased glycogen in the liver, decreased zymogen granules in the pancreas, increased vacuolation in brown fat, subcutaneous edema and diffuse atelectasis in the lung. No consistent abnormalities of the spleen, thymus, adrenal, testis/ovary or spinal cord were observed. 
Identification of a human lathosterolosis patient
The Sc5d À/À mouse has many phenotypic features found in SLOS. Thus, we obtained a sterol profile on fibroblasts from an atypical SLOS patient who died at 18 weeks of age with intracellular storage (8) . This patient resembled SLOS in that he had growth failure, microcephaly, ptosis, cataracts, short nose, micrognathia, prominent aveolar ridges, ambiguous genitalia, 2-3 toe syndactyly and postaxial hexadactyly of the feet. This patient differed from SLOS in that histopathological examination showed intracellular accumulation of mucopolysaccharides and lipids in tissue macrophages, liver Kupffer cells and in non-neuronal cells of the central nervous system. Compared with a control cell line, GC/MS analysis of sterols from patient fibroblasts grown in cholesterol-deficient media showed the presence of an additional sterol peak ( Fig. 3A  and B) . The retention time of this peak matched that of a lathosterol standard. The mass spectrum of this peak matched both that of a lathosterol standard and published spectra for lathosterol (NIST). Consistent with a deficiency of SC5D activity, patient fibroblasts progressively accumulated lathosterol when grown in cholesterol-deficient medium (Fig. 3C ). After 6 days in culture, lathosterol accounted for 35.0 AE 1.3% (mean AE SD, n ¼ 3) of total sterols in mutant fibroblasts compared with 6.9 AE 0.8% (mean AE SD, n ¼ 3) in control fibroblasts (P < 0.001, unpaired t-test). To establish that deficient SC5D enzymatic activity in patient fibroblasts was due to mutation of the SC5D gene, the SC5D transcript from patient fibroblasts was amplified by RT-PCR and sequenced. A single mutation, 137A>C (Y46S), was identified (Fig. 4A ). This single mutation was confirmed by genomic sequencing. Both of the proband's parents were heterozygous for this mutation (Fig. 4A) . No consanguinity was present; however, both parents are of French Canadian ancestry. The 137A>C allele was not detected in 116 normal chromosomes, and the Y46 position corresponds to a conserved amino acid (Fig. 4B ) in the first coding exon. SC5D is encoded on chromosome 11.
Biochemical characterization of Sc5d
À/À mice and fibroblasts Sterol analysis, using gas chromatography/mass spectroscopy (GC/MS), showed that tissues from E18.5 Sc5d À/À embryos had markedly increased levels of lathosterol ( Fig. 5A ) and decreased levels of cholesterol ( Fig. 5B ) compared with tissues from either Sc5d þ/þ or Sc5d þ/À embryos. In various tissues lathosterol represented 39% (serum), 48% (cortex), 53% (midbrain), 62% (liver), 52% (kidney) or 55% (skeletal muscle) of total sterols. In Sc5d þ/þ tissues, lathosterol accounted for 0.1-1.1% of total sterols, with the highest fractions in cortex (0.9%) and midbrain (1.1%). In cortex and midbrain from E18.5 Sc5d þ/À embryos, lathosterol represented 3.5 and 4.2% of total sterols respectively, and in peripheral tissues ranged from 0.2 to 1.9% of total sterols. We characterized the accumulation of lathosterol during embryonic development. In liver tissue from Sc5d À/À embryos the fraction of lathosterol increased from 32% at E12.5 to 61% at E18.5 with a corresponding decrease in cholesterol ( Gas chromatography/mass spectrometry sterol profiles from control (A) and patient (B) fibroblasts showed the presence of an abnormal sterol peak (3) after growth for three days in cholesterol deficient media. Retention time of this peak was 16.47 min, which matched the retention time of a lathosterol standard. IS, internal standard (coprostanol); 1, cholesterol; 2, cholesta-8(9)-dien-3b-ol; 3, lathosterol. (C), When cultured in cholesterol deficient media, the patient fibroblasts (solid bars) progressively accumulated lathosterol compared to a control (open bars) fibroblast culture. Bars on this graph depict the mean and the standard error of the mean for three samples.
Desmosterol is a major sterol present in the central nervous system prior to the onset of myelination (9) . In the synthesis of desmosterol, Sc5d catalyzes the conversion of cholesta-7,24-diene-3b-ol to yield 7-dehydrodesmosterol which is then reduced by Dhcr7 to form desmosterol. In cortex tissue from E18.5 Sc5d À/À embryos desmosterol levels were markedly decreased, and there was a 35-fold accumulation of cholesta-7,24-diene-3b-ol in addition to a 63-fold accumulation of lathosterol (Fig. 5E ). Cortex tissue from heterozygous embryos showed a slight increase in both lathosterol (4.2-fold) and cholesta-7,24-diene-3b-ol (2.2-fold).
The malformations found in the Sc5d À/À mice are more severe than those observed in Dhcr7 À/À mice (7, 10) . We thus compared a number of biochemical parameters between Sc5d À/À and Dhcr7 À/À embryos to determine what may underlie the increased severity in the lathosterolosis mouse model. To exclude either a greater total cholesterol or total sterol deficit in the lathosterolosis mouse model, we compared total cholesterol and total sterol levels in Dhcr7 À/À and Sc5d À/À mouse tissues. We confirmed that total sterol levels are decreased in the serum from Dhcr7 À/À E18.5 embryos as previously reported by Fitzky et al. (10) ; however, both total cholesterol and total sterol levels are similar in cortex and liver from Dhcr7 À/À and Sc5d À/À E18.5 embryos (Fig. 5F ). Total cholesterol measurements do not distinguish between unesterified and esterified cholesterol. Although total cholesterol levels were similar between the two mouse models, a greater deficit of 
À/À and Sc5d À/À serum and tissues. Serum and tissue is from E18.5 embryos. Total sterol levels were significantly decreased in the serum from Dhcr7 À/À embryos compared with control (P < 0.001, unpaired t-test). Total sterol levels in serum, cortex and liver from Sc5d À/À embryos were not significantly different than control levels (P > 0.10, unpaired t-test). (G) A significant decrease (P < 0.001, ANOVA) in the fraction of unesterified cholesterol was observed for both E12.5 Dhcr7 À/À and Sc5d À/À embryos compared with controls. Graph shows the mean and standard deviation for seven embryos of each genotype.
unesterified or free cholesterol could potentially explain the increased phenotypic severity observed in the lathosterolosis mouse model. In E12.5 Sc5d À/À embryos the fraction of free cholesterol was significantly decreased compared to controls; however, a similar free cholesterol deficit was also observed in E12.5 Dhcr7 À/À embryos (Fig. 5G) . Cholesterol-rich raft fractions play a major role in signal transduction. We thus compared the partitioning of lathosterol and 7DHC into raft fractions. The ratio of either lathosterol or 7DHC to cholesterol in caveolin 1 positive raft fractions from either mouse embryonic fibroblasts or human skin fibroblasts grown in lipoprotein deficient medium was similar to the corresponding whole cell ratio of either lathosterol or 7DHC to cholesterol. Thus, we found no evidence for a difference in the incorporation of either lathosterol or 7DHC in cholesterol rafts.
Intracellular storage defect in lathosterolosis
A unique aspect of the described patient's phenotype was the finding of mucolipidosis. Therefore, we were therefore interested in determining if this aspect of the disorder was replicated in the mouse model. Although liver size was relatively increased in the Sc5d À/À pups (7% of body weight compared with 4% in controls), lysosomal storage was not evident upon histological examination of either liver or brain tissue. The lack of overt lysosomal accumulation may have been due to the early perinatal death of Sc5d À/À animals. We then tested whether this defect could be found in fibroblasts.
When human SC5D
Y46S/Y46S and mouse Sc5d À/À fibroblasts were grown in cholesterol deficient media, enlarged membranebound cytoplasmic vacuoles with lamellar inclusions (arrows and insets) were present in cells from the lathosterolosis patient and the Sc5d À/À mouse ( Fig. 6A-D) . Similar intracellular inclusions were not found in control cell lines. By morphological criteria, the intracellular inclusions appeared to be in lysosomes.
DISCUSSION
In this paper we report the development and characterization of a mutant mouse in which we disrupted Sc5d, and the identification of a human lathosterolosis patient. The development of this mouse model and the identification of a human patient provide further insight into the biological processes which underlie the malformations and clinical problems found in this distinct group of human malformation syndromes. This is the second lathosterolosis patient to be identified (11) . Although the phenotypic spectrum of lathosterolosis is not defined by two cases, similarities between these patients and SLOS led to their identification. Phenotypic findings of ptosis, cataracts, micrognathia with prominent alveolar ridges, ambiguous genitalia, 2-3 toe syndactyly and postaxial polydactyly found in the patient described in this paper are frequently described in SLOS patients (12) . Phenotypic similarities between our patient and the previous patient include microcephaly, high arched palate, postaxial hexadactyly of the feet and toe syndactyly. Although liver disease was present in both patients, no intracellular storage was observed in a liver biopsy of the patient described by Brunetti-Pierri et al. (11) . Hepatomegally due to intracellular storage is not reported in SLOS and may help in some cases to clinically separate the two disorders. Sterol analysis by GC/MS, which is the diagnostic test for SLOS, can distinguish between these two inborn errors of cholesterol synthesis. Fibroblasts from both patients accumulate lathosterol when grown in delipidated media. Consistent with the more severe phenotype found in our patient, lathosterol accounted for 35% of the total sterols in fibroblasts after 6 days in culture; whereas, lathosterol accounted for 12.5% of total sterols after 15 days in culture in the initial case.
The Sc5d mutant mouse model replicates many aspects of the human disorder. Biochemically, both the human patient and Sc5d À/À mice have a sterol profile characterized by a marked elevation of lathosterol and decreased cholesterol levels. Fibroblasts from both the human patient and the mouse model developed enlarged membrane-bound cytoplasmic vacuoles with inclusions when grown in cholesterol-deficient medium. Phenotypical similarities include growth failure, abnormal nasal structure, abnormal palate, micrognathia and postaxial polydactyly.
To understand the etiological processes underlying malformations found in the inborn errors of cholesterol biosynthesis and to understand the phenotypic differences observed in Sc5d À/À embryos compared to Dhcr7 À/À embryos, one needs to consider a number of possible mechanisms. First, specific malformations could arise due to a cholesterol or sterol deficiency. Second, specific malformations could arise due to a specific teratogenic effect of bioactive cholesterol precursors. One goal of producing the lathosterolosis mouse model described in this manuscript was to compare the Sc5d À/À phenotype to the Dhcr7 À/À phenotype. Both mutants have decreased tissue cholesterol levels; however, the accumulating sterol intermediates differ. A third mechanism that needs to be considered is that phenotypic differences could arise due to a functional sterol deficiency. In this case the ability of the accumulating sterol intermediate to functionally substitute for cholesterol could influence phenotypic expression or penetrance due to structural differences between the precursor sterols. Alternatively, cholesterol homeostasis could be perturbed in a manner that would decrease the amount of cholesterol available for biological processes. Specifically, alterations in cholesterol esterification or subcellular localization could lead to a functional cholesterol deficiency. It is unlikely that one of these postulated mechanisms will provide a unifying explanation to explain all of the phenotypic findings. The availability of both genetic and teratogenic mouse models which disrupt cholesterol synthesis at different enzymatic steps provide the tools to address this question. The teratogenic model systems are useful, but are limited by the lack of enzymatic specificity (13) (14) (15) . This paper reports the development of a lathosterolosis mouse model which can be directly compared with our previously reported SLOS mouse model (7) .
Decreased cholesterol levels likely underlie some of the developmental malformations found in both lathosterolosis and SLOS. In rats, many of the teratogenic effects of AY9944, an inhibitor of both Dhcr7 and the sterol D 8 -isomerase, can be prevented by provision of cholesterol (15) (16) (17) (18) . Furthermore, Gaoua et al. (18) showed that 7DHC, unlike cholesterol, does not prevent the teratogenic effects of AY9944. Impaired hedgehog function has been proposed as a mechanism underlying malformations found in SLOS (19) . Hedgehog family members play diverse roles in embryonic development, and cholesterol is necessary for maturation of these morphogens (20) (21) (22) . Initially it was proposed that the presence of abnormal sterols would inhibit Shh autoprocessing; however, Cooper et al. (23) showed that 27-carbon cholesterol precursors including 7DHC and lathosterol can substitute for cholesterol in this reaction. Recent work has shown that hedgehog signaling is impaired in embryonic fibroblasts derived from both the Sc5d mutant mouse described in this paper and the Dhcr7 mutant mouse. Specifically, hedgehog signaling is impaired at the level of Smoothened, and this inhibition is due to decreased sterol levels (24) .
Some of the craniofacial and limb anomalies in the Sc5d (25, 26) . Consistent with a defect in Shh function, the Sc5d À/À embryos described in this paper had a narrow frontonasal process, a significant incidence of cleft palate, and micrognathia due to hypoplasia of the distal mandible. Mutations in GLI3 cause Greig cephalopolysyndactyly (27) , postaxial polydactyly type-A/B (28), and Pallister Hall syndrome (29) . These human syndromes include postaxial polydactyly. Postaxial polydactyly was observed in 32% of the Sc5d À/À pups, and in the human lathosterolosis patient identified in this report. Similarities between craniofacial and limb anomalies ( post-axial polydactyly and 2-3 toe syndactyly) found in both SLOS and lathosterolosis are consistent with the hypothesis that hedgehog signaling is impaired due to low cholesterol levels.
Cleft palate is found in 88% of the Sc5d À/À pups. This malformation is also present in 9% of Dhcr7 À/À pups (7), and hemizygous male Tattered mouse embryos with mutation of the 3b-hydroxysterol D 7 ,D 8 -isomerase gene (30) . 3b-Hydroxysterol D 7 ,D 8 -isomerase catalyzes the isomerization of cholesta-8(9)-en-3b-ol to yield lathosterol in the enzymatic step immediately preceding Sc5d action. In the human syndromes due to inborn errors of cholesterol synthesis, cleft palate is reported in about a third of SLOS patients and has been described in desmosterolosis. Desmosterolosis is due to deficiency of 3b-hydroxysterol D
24
-reductase, which catalyzes the reduction of desmosterol to yield cholesterol (31) . The presence of cleft palate in two different human inborn errors of cholesterol synthesis and three distinct mouse mutants of this enzymatic pathway suggests that the mechanism underlying the cleft palate phenotype is probably due to decreased cholesterol during development rather than a consequence of a specific teratogenic effect of a precursor sterol. The higher frequency of cleft palate found in Sc5d À/À mice compared with Dhcr7 À/À mice cannot be explained based solely on cholesterol or total sterol levels. Both total cholesterol and total sterol levels are decreased to a similar extent in embryonic tissues from these two mouse models. We also measured unesterified cholesterol levels in E12.5 day embryos to determine if a functional cholesterol deficiency could possibly explain differences between the Sc5d À/À and Dhcr7 À/À mice. Although the fraction of total cholesterol which was unesterified was significantly decreased in both Sc5d À/À and Dhcr7 À/À embryos compared with control embryos, this decrease was similar in both mutants. Decreased unesterified or free cholesterol levels may exacerbate the functional cholesterol deficit found in these two disorders. The increased frequency of cleft palate observed in the Sc5d À/À mice (88%) compared with Dhcr7 À/À mice (9%) may be due to differences in the ability of lathosterol compared with 7DHC to substitute for cholesterol during development. Few studies have compared the biophysical properties of both 7DHC and lathosterol to those of cholesterol. Although both 7DHC and lathosterol are less efficient than cholesterol in condensing artificial membranes, the delta 5(6) bond of cholesterol, which is present in 7DHC but absent in lathosterol, is thought to optimize interaction between cholesterol and phospholipids (32) . 7DHC has been reported to strongly promote the formation of sphingolipid/sterol raft domains (33); however, similar data on lathosterol is not published. Since both Smoothened and Patched localize to raft domains (34, 35) , we investigated the sterol composition of caveolin positive raft fractions from both SLOS and lathosterolosis fibroblasts. Although we cannot exclude a functional defect due to differences in sterol composition, both lathosterol and 7DHC are present in caveolin positive raft fractions. Further work is necessary to define the functional ability of 7DHC versus lathosterol to substitute for cholesterol.
Some malformations found in the inborn errors of cholesterol synthesis are probably due to specific teratogenic effects of bioactive precursor sterols. Precursor sterols may have bioactive properties themselves or could give rise to bioactive products. 4,4-dimethyl-5a-cholesta-8,24-diene-3b-ol and 4,4-dimethyl-5a-cholesta-8,14,24-triene-3b-ol are meiosis activating sterols (36) and are able to activate LXRa nuclear receptors (37) . Both 7DHC and 8-DHC give rise to unsaturated bile acids (38) and unsaturated steroid hormone precursors (39, 40) . It is yet to be determined whether the resulting aberrant unsaturated steroids have agonistic or antagonistic properties; however, it is plausible that their presence may affect developmental processes. Chevy et al. (41) have recently postulated that limb abnormalities not found in AY9944 treated, but found in triparanol treated rat embryos are likely due to effects of desmosterol, D 8 -cholesten-3b-ol and zymosterol rather than decreased cholesterol levels. Triparanol inhibits both sterol D 24 -reductase and sterol D 8 -isomerase. In vitro culture of rat embryos with photooxidized 7DHC impairs development of the embryos (42) . 7DHC has been shown to disturb cholesterol homeostasis. Fitzky et al. (10) have shown that 7DHC induces the degradation of HMG-CoA reductase, and have proposed that this mechanism underlies the decreased total sterol levels found in SLOS. Wassif et al. (43) have shown that 7DHC impairs LDL-cholesterol metabolism in SLOS fibroblasts. Hemizygous male tattered mice (Td ), which have a mutation of the 3b-hydroxysterol D 7 ,D 8 -isomerase gene, have agenesis of the intestines (30) . Hemizygous male bare patches (Bpa) and striated mice (Str), which have a mutation of the 3b-hydroxysterol dehydrogenase gene, die early in gestation (44) . These abnormalities are not observed in either Sc5d À/À or Dhcr7 À/À embryos, and thus may represent a specific teratogenic defect due to accumulation of cholesta-8(9)-en3b-ol or 4,4-dimethylcholesta-8-en-3b-ol in Td or Bpa/Str embryos, respectively. The bifurcation of the fourth medial phalanges found in Sc5d À/À embryos has not been reported in other inborn errors of cholesterol synthesis, and thus may be due to a specific teratogenic effect of lathosterol accumulation.
The multiple malformations and clinical problems encountered in SLOS and other inborn errors of cholesterol synthesis probably arise due to a combined effect of increased precursor levels, decreased cholesterol levels and variable ability of the precursor sterols to functionally substitute for cholesterol.
Comparison of phenotypic findings found in the human disorders, the teratogenic rat models, and genetic mouse models should provide insight into the genesis of a specific malformation.
Histochemical staining showed the storage of both lipid and mucopolysaccharides and lysosomal inclusions were identified by electron microscopy in tissue samples from the lathosterolosis patient (8) . Intracellular LDL cholesterol transport is perturbed in SLOS fibroblasts (43) . In both DHCR7 and SC5D mutant fibroblasts we have observed transient increased filipin staining. This suggests that LDL-cholesterol metabolism may be impaired in both disorders. Altered intracellular cholesterol levels have been shown to modulate membrane and lipid trafficking in normal and sphingolipid-storage disease fibroblasts (45, 46) . Based on the histochemical findings reported for the human patient and the replication of the intracellular storage defect in both human and murine fibroblasts when grown in cholesterol deficient medium, we postulate that accumulation of lathosterol may disrupt normal intracellular membrane and lipid trafficking.
This paper describes the identification of a human lathosterolosis patient and characterization of a lathosterolosis mouse model. The lathosterolosis mouse which replicates many of the defects described in the lathosterolosis patient will permit further investigation of the pathophysiological processes that underlie this human malformation syndrome. The lysosomal storage defects reported in the human lathosterolosis patient and the identification of an intracellular storage defect in Sc5d À/À fibroblasts raises the question of whether other unclassified 'mucolipidosis' or lysosomal storage patients have mutations in SC5D. Identification of additional patients will be important to delineate the full phenotypic spectrum of lathosterolosis and to determine if less severely affected patients exist. Based on the clinical experience with SLOS, dietary cholesterol supplementation may benefit these patients.
MATERIALS AND METHODS
Targeting of embryonic stem cells, generation of chimeric mice and mouse manipulation Two bacterial artificial chromosomes (BAC) containing Sc5d were identified by hybridization to a mouse EST (AA245978) (Genome Systems). Prior to constructing the targeting vector, a 14.5 kb HindIII/EcoRI fragment containing exons 1-6 was cloned into pBS (Stratagene), a restriction endonuclease map was obtained, and the intron-exon structure of the gene was delineated. The targeting vector was constructed in pBS and consisted of a 4.3 kb EcoRV/PstI5 0 -flank, a 2.5 kb BglII/ HindIII3 0 -flank and a PGKneo 1 cassette (Stratagene). A 2.2 kb PstI/BglII fragment encoding exon 5 and most of exon 6 was deleted. The negative selectable marker, DTA, was cloned into a SalI site. The targeting vector was linearized on the 5 0 end of the targeting construct with NotI. Electroporation and cell culture conditions were as previously described (7). Screening of G418-resistant clones was performed by Southern blot of an EcoRI genomic digest probed with a 600 bp PstI/HindIII genomic fragment ( probe A). The endogenous fragment was 7 kb and the targeted allele fragment was 13 kb. C. For timed matings, the identification of a copulatory plug was considered to be E0.5 and embryonic age was confirmed by inspection. Animal work was performed under an NICHD approved animal study protocol.
Sterol analysis
For sterol analysis, cell pellets were homogenized and saponified for 1 h with 4% KOH in ethanol at 60 C. Five micrograms of coprostanol were added as an internal standard. The samples were then extracted in an equal volume of ethyl acetate, dried under nitrogen and derivitized with BSFTA plus 1% TMCS (Pierce). Samples were analyzed by both gas chromatography/ flame ionization detection (Agilent 6890) and gas chromatography/mass spectrometry (Trace Thermo Finnigan) using a Phenomenex ZB-1701 column (30 m Â 0.32 mm Â 0.25 mm). Cholesterol, coprostanol, 7-dehydrocholesterol, and lathosterol standards were obtained from Sigma. For free sterol analysis, the sample was divided and half was analyzed without saponification.
Histological analysis
Tissues were fixed using buffered formalin (Sigma), paraffinembedded, and stained with hematoxylin and eosin. Skeletal staining with alcian blue and alizarin red S was performed as described by McLeod (47) . For electron microscopy, cell pellets or tissues were fixed in 2.5% glutaraldehyde in PBS ( pH 7.4), postfixed in OsO 4 , and embedded in Maraglas 655 (Ladd Research Industries). Sections were stained with uranyl acetate-lead citrate and examined in a Philips CM10 electron microscope.
Cell culture
Mouse and human fibroblasts were grown (37 C, 5% CO 2 ) in DMEM supplemented with 10% fetal bovine serum. 3T3-like mouse embryo fibroblasts were derived as previously described (48) . Cholesterol-deficient culture was done in McCoy's 5A media supplemented with 7.5% lipoprotein deficient serum (49) . Caveolin-positive membrane fractions were purified from embryonic fibroblasts as previously described (50) .
Mutation and molecular biology analysis
RNA for RT-PCR was isolated using an RNeasy mini kit (Qiagene), and DNA was isolated using a Gentra kit. Sequencing was performed using Beckmann Coulter's CEQ2000 sequencer and reagents. Primers used for RT-PCR were: C5h1- 
